1. Intestinal absorption of sorbitol was studied in a duodeno-jejunal loop of anaesthetized rats. The acute effects of exogenous sorbitol on glucose homeostasis were also evaluated in male and female rats.
Sorbitol was first proposed as an alternative sweetener more than 50 years ago (Thannhauser & Meyer, 1929) . Two advantages over glucose and sucrose have been emphasized repeatedly to justify its wide use: (1) slow and only partial intestinal absorption, (2) rapid metabolism, largely independent of insulin (Forster, 1974; Mehnert et al. 1975; Brunzell, 1978) .
The opinion that sorbitol is only slowly absorbed rests on the studies carried out in rats and in man (Mehnert & Forster, 1961; Mehnert et al. 1975) . However, these studies contradicted earlier measurements (Wick et al. 1951 ) and were not confirmed by very recent ones (Ertel et al. 1983) , which suggested that a substantial proportion of sorbitol can be absorbed within 1 h of ingestion. Furthermore, all these experiments were performed with one single, high amount of intestinal sorbitol.
In the present study, we therefore have re-evaluated the intestinal absorption of sorbitol in anaesthetized rats. The measurements were carried out in the presence of a wide range of lumen concentrations of sorbitol, at different sites of the intestine and under conditions permitting an insight into the mechanism of its absorption. To study the effects of exogenous sorbitol on glucose homeostasis, plasma glucose and insulin levels were measured after acute oral and intravenous administration of sorbitol. They were compared with the changes brought about by glucose or sucrose administration.
Glucose homeostasis
The experiments were performed with male (250-300 g) and female (180-220 g) Wistar rats fasted for 18 h. Before the tests, the animals received an intraperitoneal injection of a low dose of thiopental (15 mg/kg body-weight), repeated after 1 h during the oral tests. Such a low dose only induced drowsiness, but made it possible to sample blood (by cutting the tip of the tail) on quiet animals.
Two groups of thirteen males and females underwent four oral tests, and two groups of thirteen animals underwent four intravenous tests, at 2-week intervals. They received, in random order, glucose, sorbitol or sucrose dissolved in water or, as control, a saline solution (1 50 mM-NaC1). For the oral tests, the substance studied was introduced directly into the stomach, through a fine catheter, at a dose of 2 g/kg body-weight, and in a volume of 2 ml. For the intravenous tests, the substance studied was injected into a tail vein, at a dose of 1 g/kg body-weight, and in a volume of 0.5 ml. Plasma glucose was measured by a glucose oxidase (EC 1 . 1 .3.4) method (Glucose Analyzer; Beckman), and plasma insulin was measured by a double-antibody radioimmunoassay, using rat insulin as standard (Novo Research Institute, Bagsvaerd, Denmark).
Presentation of results
All results are presented as means with their standard errors for the indicated number of rats. Statistical comparisons were made with Student's t test for unpaired or paired values, as appropriate.
RESULTS

Intestinal absorption of sorbitol
Sorbitol absorption by the duodeno-jejunal loop was studied in the presence of lumen concentrations of sorbitol ranging from 1 ,UM to 200 mM. Fig. 1 shows that a fairly constant (Fig. 1) . Between 30 and 120 min, the increase was about 2.3-fold and 1.3-fold in the presence of low (1-10 ,UM) or high (20-200 mM) concentrations of sorbitol respectively.
Since the accumulation of sorbitol in the intestinal mucosa could hamper the absorption from the lumen, the concentrations of sorbitol in the mucosal and muscle layers of the loop were determined at the end of the 120 min absorption periods ( Table 1 ). In the mucosa it did not exceed 10% of the initial lumen concentration of sorbitol, but was approximately two-fold higher than in the muscle layer.
At the level of a terminal loop of the ileum, sorbitol absorption amounted to 10-5 (SE 1.2) pmol/g dry intestine after 30 min, when the initial lumen concentration was 20 mM (n 7). This value was lower (P < 0.01) than that measured in a duodeno-jejunal loop (15.8
In further experiments, the absorption of sorbitol was compared with that of 3-U-methylglucose in duodeno-jejunal loops. At similar lumen concentrations, approximately six times more 3-U-methylglucose than sorbitol was absorbed (Table 2 ). This amount corresponded to 88.7 (SE 0.9) and 75.9 (SE 3.2) % of the loop's contents after 30 min, in the presence of 2 and 20 m~-3-0-methylglucose respectively. Table 2 also shows that 3-U-methylglucose did not interfere with sorbitol absorption. 3-0-methylglucose absorption was decreased by 25% in the presence of a ten-fold higher concentration of sorbitol, at least when the concentration of 3-0-methylglucose was 20 mM. Sorbitol was ineffective in the presence of 2 m~-3-O-methylglucose.
Phloridzin did not affect sorbitol absorption, which slightly increased in the absence of lumen sodium ions. By contrast, 3-0-methylglucose absorption was decreased by Na+ omission and strongly inhibited by phloridzin (Fig. 2 ).
Glucose homeostasis
Before oral or intravenous administration of the test substances (0 min), the average plasma glucose concentration was 4.96 (SE 0.04) mM and 4.88 (SE 0.07) mM in male and female rats respectively. The average plasma insulin concentration was 0.49 (SE 0-02) ng/ml and 0.54 (SE 0.03) ng/ml respectively.
Introduction of glucose into the stomach of the animals was followed by a rapid rise in plasma glucose levels (Fig.3) . The peak value was not different in males and females, but the return to control values was faster in females. Concomitantly there occurred an increase in plasma insulin levels, which was also more transient in females than in males (Fig. 4) . Plasma glucose levels also increased after gastric administration of sucrose. The initial rise was not significantly lower than after glucose, but elevated levels persisted until 180 min (Fig. 3) . Plasma insulin levels increased less than with the glucose load (P c 0.02 at 30 min), but reached a plateau which lasted until the end of the test. Sorbitol was without significant effect on plasma glucose (Fig. 3 ) and plasma insulin (Fig. 4 ) levels in males or females. Administration of NaCl caused a progressive fall in plasma glucose levels, which was more pronounced in females than in males (Fig. 3) , and was not accompanied by significant changes in plasma insulin levels (Fig. 4) .
Intravenous injection of glucose induced an important, but short-lasting rise in plasma glucose (Fig. 5 ) and plasma insulin (Fig. 6 ) levels. The recovery of normal plasma glucose levels was faster in females than in males, as attested by a higher glucose disappearance rate (Conard, 1955 insulin levels was also significantly greater in females (P < 0.02). Neither plasma glucose nor plasma insulin levels were modified by the intravenous injection of sucrose. On the other hand, intravenous sorbitol caused a small, progressive increase in plasma glucose (Fig. 5 ) and plasma insulin (Fig. 6) levels. Intravenous administration of NaCl was without effect in males and only produced a modest decrease in plasma glucose and insulin levels at 5 min in females.
DISCUSSION
The present results show that, in the rat, the intestinal absorption of sorbitol is about six times slower than that of 3-0-methylglucose, a non-metabolized sugar, known to be absorbed like glucose (Crane, 1960) . The results support the conclusions of Mehnert and co-workers (Mehnert & Forster, 1961 ; Mehnert et al. 1975) and extend these earlier studies in showing that sorbitol absorption proceeds at a low rate, whatever its lumen concentration (between 1 PM and 2 0 0 m~) .
The evidence obtained suggests that the absorption is purely passive, and occurs by pathways which are different from those responsible for the absorption of 3-0-methylglucose. First, the absolute amount of sorbitol absorbed was directly proportional to the initial lumen concentration (the percentage absorbed was fairly constant). Second, sorbitol absorption was not impaired by Na+ omission or by phloridzin, two conditions that inhibited the active transport of 3-0-methylglucose. Third, 3-0-methylglucose was without effect on sorbitol absorption. Fourth, sorbitol failed to alter active transport of 3-0-methylglucose and partially reduced its passive transport only when it was used at a ten times higher concentration. Our conclusion of a passive absorption of sorbitol in vivo is in keeping with results obtained in vitro (Wilson & Crane, 1958) . It is, however, somewhat surprising that the relative absorption of sorbitol did not fall when the lumen concentration was only 1 or 10 PM, since the plasma sorbitol concentration in the rat has been reported to be about 30 PM (Sener et al. 1979) , i.e. fifteen times higher than in man (Morrison et al. 1970) .
Sorbitol absorption increased with time, but the increase was very small at high lumen concentrations. The reasons for this are not clear; it was not due to a loss of viability of the preparation within that period of time (Daumerie & Henquin, 1982~) . A similar observation was also made with rats whose intestines were not tied as in the present technique (Mehnert & Forster, 1961) . Given the low percentage of sorbitol absorbed, the marked decrease in the absorption rate cannot be explained by a commensurate fall in the lumen concentration of sorbitol. One can also exclude that it results from a large increase in plasma sorbitol. Thus, the rise in plasma sorbitol concentration, brought about by sorbitol absorption, was not more than 3 p~ (after oral administration of 100 mg sorbitol to rats (Ertel et al. 1983 ). This dose is 40% larger than that given in our experiments with 200 mw-sorbitol in the loop. On the other hand, it was possible that sorbitol accumulated in the mucosa, where its metabolism is minimal because of the extremely low levels of sorbitol dehydrogenase (EC1.1.1.14) (Heinz & Lambrecht, 1967) . Though higher than in the muscle layer of the loop, the concentration of sorbitol in the mucosa was estimated not to exceed 10% of the initial lumen concentration of sorbitol. This small accumulation may thus contribute to, but is unlikely to be the only factor responsible for, the decrease in the absorption rate with time.
Our findings also demonstrate that sorbitol absorption is not restricted to the duodenojejunum but also takes place, although at a slower rate (66%), in the terminal ileum. In this context, it should also be recalled that a substantial proportion of sorbitol that is not absorbed in the small intestine may undergo fermentation in the caecum and the colon (Schnell-Dompert & Siebert, 1980; Hyams, 1983) and that the resulting products are absorbed.
Studies using [14C]sorbitol have shown that 1-3 h after gastric administration of 0.4 g sorbitol/kg to rats, approximately 0.1 mM-glucose in the plasma was labelled and thus derived from absorbed sorbitol (Ertel et al. 1983) . In the present study, administration of a higher dose of sorbitol(2 g/kg) did not alter plasma glucose or plasma insulin levels. In normal man, ingestion of sorbitol(O.5-0.75 g/kg) was also without effect on plasma glucose (Forster, 1972; Macdonald et al. 1978) but caused a slight increase in plasma insulin levels in the only study where this factor was measured (Macdonald et al. 1978) . Taken together, these results show that, in the rat and in man, glucose homeostasis is perfectly maintained after large gastric loads of sorbitol. The slow absorption of the substance certainly facilitates this control. By contrast, gastric administration of glucose and sucrose increased plasma glucose and insulin levels. Somewhat surprisingly, the rise in plasma insulin was less marked after sucrose than after glucose administration, despite similar increases in plasma glucose. Similar observations were also made in man (Macdonald et al. 1978; Crapo et al. 1980) but have not been satisfactorily explained.
The intravenous injection of sorbitol was followed by a small and progressive increase in plasma glucose accompanied by a parallel increase in plasma insulin. Similar changes were also observed after injection of 1 g sorbitol/kg in the dog (Kuzuya et al. 1969) . On the other hand, slow intravenous infusions of lower doses of sorbitol produced no, or very little, change in plasma glucose in rats (Forster, 1974) or in man (Mehnert et al. 1975) , even when insulin release was partially inhibited (de Kalbermatten et al. 1980) . Glucose homeostasis is thus disturbed only by a rapid and large load of sorbitol. Since injected sorbitol is quickly converted to glucose (Froesch et al. 1971) , it may even seem surprising that the rise in plasma glucose was not more marked. However, high amounts of sorbitol are excreted in the urine (Keller & Froesch, 1971; Poso & Hillbom, 1977) . Furthermore, sorbitol, or glucose derived from it, may be oxidized or stored by the liver and other tissues (Keller & Froesch, 1971; Froesch et al. 1971 , Forster, 1974 , in particular because insulin levels are increased. It is very unlikely that sorbitol itself stimulated insulin release, as proposed for the dog (Kuzuya et al. 1969) . Thus, even at a high concentration (16.6 mM), sorbitol failed to stimulate secretion of insulin by isolated islets from the rat, although glucose-induced secretion of insulin is potentiated by sorbitol (Malaise et al. 1974) . The rise in plasma insulin levels seems to be due to the rise in plasma glucose levels. The parallel time course of these two changes fully supports this interpretation.
